Introduction
Hemophilia A (HA) is an inherited bleeding disorder caused by factor VIII (FVIII) deficiency. Patients with severe HA suffer from recurrent bleeding episodes, with 85% of the bleeds occurring in the joints [1] . Recurrent joint bleeds cause joint destruction by inducing synovitis, cartilage destruction, and bone damage. Once the joint has been damaged, little can be done to restore anatomic integrity. FVIII concentrate replacement therapy has dramatically improved quality of life for patients with HA by reducing bleeding episodes and resultant joint destruction. However, in spite of early prophylactic treatment, intra-articular hemorrhages and subsequent joint damage cannot be prevented completely [2] . Whenever blood enters the joint space, hemoglobin is released into the plasma. The hemoglobin-derived heme has multiple proinflammaKeywords Hemophilia A · Factor VIII · Platelets · Macrophages · Scavenger receptors Summary Background: Hemarthrosis, or bleeding into the joints, is a hallmark of hemophilia. Heme triggers oxidative stress, inflammation, and destruction of cartilage and bone. The haptoglobin-CD163-heme oxygenase-1 (HO-1) pathway circumvents heme toxicity through enzymatic degradation of heme and transcription of antioxidant genes. Plasma-derived factor concentrates contain many proteins that might impact on cellular pathways in joints, blood, and vessels. Methods: Activation of platelets from healthy volunteers was assessed by flow cytometry analysis of fibrinogen binding and CD62P expression. Platelet CXCL4 release was measured by ELISA. Human peripheral blood mononuclear cells were exposed to CXCL4 or platelet supernatants (untreated or pre-stimulated with factor VIII (FVIII) products) during their differentiation to macrophages and analyzed for CD163 expression. Some macrophage cultures were additionally incubated with autologous hemoglobin for 18 h for analysis of HO-1 expression. Results: Platelet CXCL4 release was increased by all 8 tested plasma-derived FVIII products but not the 3 recombinant products. Macrophages exposed to supernatant from platelets treated with some plasma-derived tory effects [3] . In the vicinity of joint cells, iron-containing heme from red blood cells promotes the formation of hydroxyl radicals by the Fenton reaction. In accordance with this, local synovial iron deposits are associated with increased catabolic activities in hemophilia [4] . Careful observation of patient material supplemented with data from animal models of joint disease clearly showed that the major mechanism of hemoglobin-induced joint injury is the deposition of iron in superficial and subsynovial layers of the joint, which is a hallmark of hemophilic synovitis [5] . Iron increases proliferation of synovial cells in a concentration-dependent manner and induces upregulation of mouse double minute 2 homolog (Mdm2) gene [6] . In normal cells, the Mdm2 binds to the tumor suppressor protein p53 and prevents its function [7, 8] . Therefore, Mdm2 overexpression was proposed to be a suitable target in treating the underlying cell proliferation that leads to synovitis and arthropathy in hemophilia [5] .
In blood plasma, hemoglobin released by erythrocytes is immediately captured by the protective acute-phase protein haptoglobin. By forming stable, irreversible complexes with free hemoglobin, haptoglobin inhibits the oxidative activity of hemoglobin and hence protects tissues and cells from hemoglobin-induced damage [9, 10] . In humans, haptoglobin mediates rapid clearance of hemoglobin through high-affinity binding to the macrophage scavenger receptor CD163 [11] . By mediating the endocytosis of hemoglobinhaptoglobin complexes, CD163 counters hemoglobin-induced oxidative damage after hemolysis [12] . Binding of hemoglobin-haptoglobin complexes to CD163-bearing cells elicits potent interleukin-10 (IL-10) secretion. IL-10 release in turn induces synthesis of the stress protein heme oxygenase-1 (HO-1) via an autocrine mechanism [13, 14] . HO-1 subsequently decreases inducible hemedependent enzymes, such as inducible nitride oxide synthase (iNOS), cyclooxygenase 2 (COX-2), and NADPH-oxidase, and dampens inflammation. In addition, HO-1 drives ferritin synthesis, leading to increased iron sequestration and loss of its inflammatory properties [15] .
CXCL4 is a platelet-derived chemokine that promotes macrophage differentiation from monocytes [16, 17] . Recently, Gleissner et al. [18, 19] demonstrated near complete absence of the hemoglobin scavenger receptor CD163 in CXCL4-induced 'M4-macrophages.' CD163 mRNA was downregulated within 2 h of CXCL4 treatment, and CD163 protein reached its expression minimum after 3 days. Supernatant from activated human platelets also reduced CD163 expression by macrophages. CXCL4-differentiated M4-macrophages were unable to upregulate HO-1 at the RNA and protein levels in response to hemoglobin-haptoglobin complexes and failed to endocytose these complexes [18, 19] .
Previously, we identified up to 0.85 ng/IU of the platelet alpha granule protein CXCL4 as well as platelet-activating substances such as myeloperoxidase and alpha-defensin [20] in some plasmaderived FVIII concentrates [21] . Therefore, we tested the direct effect of FVIII products on differentiation of human macrophages. In addition, we studied whether FVIII concentrates might induce CXCL4 release from human platelets and thereby influence macrophage CD163 expression indirectly. 
Material and Methods

Materials
Preparation of Platelets
Blood was obtained from the Department of Transfusion Medicine (Mün-ster, Germany) with informed consent from healthy volunteers, who had not taken any medication affecting platelet function for at least 2 weeks before the study. Venous blood drawn from the antecubital vein was anticoagulated with trisodium citrate (0.0108 mol/l) and processed within 1 h after collection to prevent loss of platelet function. Platelet-rich plasma was prepared by differential centrifugation at 200 × g for 10 min at room temperature. For some experiments, platelets were gel-filtered on Sephadex CL-2B (GE Healthcare, Munich, Germany) as previously described [24] . Platelet supernatant was generated by incubating 1 × 10 8 gel-filtered platelets for 1 h with or without (negative control) 2 U/ml FVIII or with 1 µmol/l adenosine diphosphate (ADP; Boehringer Mannheim, Mannheim, Germany) plus 0.5 µmol/l U46619 (Sigma Aldrich, positive control) in the presence of 3 µmol/l melagatran, a direct thrombin inhibitor. Afterward, platelets were separated from cell-poor supernatant by centrifugation, and cell-free supernatant was obtained by ultracentrifugation (Beckman Coulter, Krefeld, Germany).
Monocyte-Derived Macrophages
Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats (German Red Cross, Münster, Germany) by Biocoll (Biochrom AG, Berlin, Germany) density gradient centrifugation. Simultaneously, the plasma layer above the PBMCs was collected, incubated at 56 ° C for 30 min, and centrifuged at 3,200 × g for 5 min at 4 ° C. The supernatant was used as fibrin-depleted plasma in cell culture [25] . After several washing steps, PBMCs were resuspended in Roswell Park Memorial Institute (RPMI) 1640 medium and seeded into 75-cm 2 flasks at 5 × 10 7 cells/ml. After 2 h of incubation at 37 ° C and 5% CO 2 , non-adherent cells were removed by gentle pipette aspiration. Adherent cells (monocytes) were detached using ice-cold phosphate-buffered saline (PBS), washed and resuspended in RPMI 1640 medium containing 2 mmol/l glutamine, 1% sodium pyruvate, 1% nonessential amino acids, 1% penicillin/streptomycin (pen-strep), and 10% autologous fibrin-depleted plasma. Monocytes were cultured in RPMI 1640 supplemented as above for 3 days in the presence of 100 ng/ml recombinant macrophage colony-stimulating factor (M-CSF, r; Peprotech, Rocky Hill, NJ, USA), then for 3 more days in the presence of 100 ng/ml M-CSF, 1 µmol/l recombinant CXCL4 (PF4) (Peprotech), 1 U/ml FVIII, or supernatant from FVIII-treated human platelets.
Hemoglobin-Induced Cell Stress
Macrophage responses to hemoglobin were assessed according to Gleissner et al. [19] with some modifications. Briefly, macrophages were cultured for 6 days as described above. At the time of PBMC isolation from buffy coats, red blood cell lysates and fibrin-depleted plasma were kept and stored at -20 ° C. On day 6 after PBMC isolation, macrophages were incubated with RPMI 1640 medium supplemented as above and also containing 0.5 mg/ml autologous hemoglobin from red blood cell lysate. After 18 h, cells were harvested, and HO-1 protein expression was measured by flow cytometry.
CXCL4 ELISA
CXCL4 in platelet supernatant was measured by enzyme-linked immunosorbent assay (ELISA; Asserachrom PF4, Diagnostica Stago, Asnieres-SurSeine, France) as instructed by the manufacturer.
Flow Cytometry
Characterization of Platelets Platelet activation was assessed as described previously [26] . Briefly, plateletrich plasma diluted in 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid(HEPES)-buffered Tyrode solution (pH 7.4) to a concentration of 2.5 × 10 7 platelets/ml was incubated with FVIII (0.5-2 U/ml) in the presence of 0.5 µmol/l CaCl 2 and 3 µmol/l melagatran (to prevent secondary platelet activation by thrombin) for 1 h at room temperature. Afterward, platelets were activated with ADP (0.025-0.75 µmol/l) or ADP plus U46619 (0.5 µmol/l) for 5 min. For analysis of platelet fibrinogen binding, platelet activation was performed in the presence of 150 µg/ml fibrinogen-FITC. Platelets were then fixed with 0.5% formaldehyde and washed. For CD62P expression, platelets were incubated with predefined saturating concentrations of the monoclonal antibody anti-CD62P-FITC (Becton Dickinson, Heidelberg, Germany). Finally, samples were analyzed by fluorescence-activated cell scanning (FACS Calibur; Becton Dickinson) as described previously [27] . A total of 5,000 events were analyzed for each data point.
Characterization of Macrophages
For detachment of macrophages, cells were incubated with ice-cold PBS containing 2.5 mmol/l ethylenediaminetetraacetic acid (EDTA) on ice for 15 min. Macrophages were incubated with previously defined saturating concentrations of monoclonal anti-CD163-PE (clone GHI/61; Becton Dickinson) or isotype control for 15 min at 4 ° C. For intracellular staining of HO-1, cells were fixed with 2% formaldehyde in PBS, permeabilized with 0.1% saponin (Sigma Aldrich) and 0.5% bovine serum albumin (Calbiochem, San Diego, CA, USA) in PBS and subsequently stained with predefined saturating concentrations of anti-HO-1-PE (clone HO-1-2; Enzo Life Sciences, Lörrach, Germany). Samples were analyzed by fluorescence-activated cell scanning (FACS Calibur; Becton Dickinson).
Statistics
The results are expressed as mean ± standard deviation. Statistical significance was determined using the unpaired Student t test. P values < 0.05 were regarded as significant. 
Results
Several Plasma-Derived FVIII Products Augment Platelet Activation
As we reported earlier, several plasma-derived FVIII products contain substances that influence platelet activation status and/or inflammation that were absent in recombinant FVIII [21] . Among them was alpha-defensin, a neutrophil cationic peptide, which besides exerting antimicrobial and proinflammatory functions, acts as a potent platelet agonist [20] . Therefore, we tested the effect of plasma-derived and recombinant FVIII concentrates on platelet activation. All three tested recombinant FVIII products (Kogenate Bayer, ReFacto AF, and Advate) had no effect on ADP-induced platelet fibrinogen binding. In contrast, three of the plasma-derived FVIII products (Immunate STIM plus, Faktor VIII SDH Intersero, and Wilate) significantly enhanced fibrinogen binding to ADP-stimulated platelets, with the strongest effect observed with Immunate STIM plus, which also activated platelets in the absence of ADP ( fig. 1) . The same three plasma-derived products also increased ADP plus U46619-induced CD62P expression on the platelet surface in a concentration-dependent manner ( fig. 2) . Again, the three tested recombinant products had no such effect. Interestingly, all eight tested plasma-derived FVIII products induced significant CXCL4 release from platelets. In contrast, none of the 3 tested recombinant products prompted platelet CXCL4 release ( fig. 3) .
Supernatant of Platelets Treated with Plasma-Derived FVIII Products Promotes the Formation of M4 Macrophages That Are Unable to Deal with Hemoglobin Stress
Gleissner et al. [19] showed that CXCL4 decreases the expression of the protective hemoglobin scavenger receptor CD163 on human monocytes. As some plasma-derived FVIII concentrates contain up to 0.85 ng/IU of the platelet alpha granule protein CXCL4 [21] , and all tested plasma-derived products induced significant CXCL4 release from human platelets ( fig. 3) , we tested the effect of FVIII concentrates and supernatant from FVIII-treated platelets on macrophage CD163 expression. Human monocytes were cultured for 3 days with M-CSF and for an additional 3 days with M-CSF ± CXCL4, FVIII concentrates, or supernatant from platelets (untreated or exposed to either FVIII concentrates or ADP plus U46619). Although some of the tested plasma-derived FVIII products contain low concentrations of CXCL4 [21] , none affected CD163 expression on human macrophages directly (data not shown), whereas CXCL4 downregulated CD163 as previously described [19] . In contrast, supernatant of platelets treated with plasma-derived FVIII diminished macrophage CD163 surface expression to the same extent as 1 µmol/l recombinant CXCL4 or supernatant of ADP plus U46619-stimulated platelets, whereas supernatant of untreated platelets and platelets treated with recombinant FVIII had no effect ( fig. 4) . Because CD163-negative M4-macrophages are unable to upregulate HO-1 in response to hemoglobin stress [19] , we investigated whether macrophages that differentiated from monocytes in the presence of supernatant from FVIII-treated platelets were able to raise HO-1 protein expression in response to hemoglobin. Therefore, we treated macrophages that were grown in the presence of M-CSF, CXCL4, or supernatant from platelets (untreated platelets or platelets treated with FVIII products or ADP plus U46619, as described above) with autologous hemoglobin and autologous fibrin-depleted plasma for 18 h, in order to ensure sufficient amounts of haptoglobin. Cells were then analyzed for HO-1 expression by flow cytometry. As shown in figure 5 , macrophages that were grown in the presence of CXCL4 or supernatant from platelets treated with plasma-derived FVIII or ADP plus U46619 exhibited significantly lower HO-1 expression levels than macrophages that were grown in the presence of M-CSF alone or with supernatant from untreated platelets or platelets treated with recombinant FVIII.
Discussion
Joint bleeding and debilitating arthropathy still occur in patients with severe hemophilia in spite of early prophylaxis [2] . The reason for this is unknown. Recently, Gleissner et al. [19] found that the platelet alpha granule protein CXCL4 promotes differenti- Fig. 3 . Plasma-derived factor VIII products, but not recombinant factor VIII, induce release of CXCL4 by human platelets. Gel-filtered human platelets were incubated with 2 U/ml of the indicated factor VIII product and 3 µmol/l melagatran for 1 hour, pelleted and supernatant was analyzed regarding platelet factor 4 concentration using ELISA. Supernatant from unstimulated platelets served as negative control and supernatant from platelets stimulated with 1 µmol/l ADP plus 0.5 µl U46619 was used as positive control. Data are mean ± standard deviation (SD) from 3 independent experiments. ***p < 0.005; **p < 0.01. ADP = adenosine diphosphate; ELISA = enzyme-linked immunosorbent assay; n.s. = not significant. Fig. 4 . Supernatant of platelets treated with plasma-derived factor VIII products downregulates CD163 expression on human macrophages. Human monocytes were cultured to macrophages in the presence of M-CSF for 3 days then for 3 days with M-CSF ± CXCL4 or supernatant from untreated platelets or platelets, treated with different factor VIII products or ADP plus U46619, as indicated. Cells were harvested, stained with anti-CD163-PE and analyzed by flow cytometry. Data show mean ± standard deviation (SD) from 3 independent experiments. ***p < 0.005; **p < 0.01; *p < 0.05. ADP = adenosine diphosphate; M-CSF = macrophage colony-stimulating factor; n.s. = not significant; PE = phycoerythrin; PF4 = platelet factor 4 (CXCL4). ation of CD163-negative M4-type macrophages that are unable to ingest free hemoglobin and to upregulate the protective enzyme HO-1. In this study, we report that in contrast to recombinant FVIII, components of plasma-derived FVIII concentrates induce significant CXCL4 release from human platelets. In addition, three of the eight tested plasma-derived products (Immunate STIM plus, Wilate, and Faktor VIII SDH Intersero) augmented ADP-induced binding of fibrinogen to platelets. In contrast, the three tested recombinant FVIII products (Kogenate, ReFacto AF, and Advate) and five of the eight plasma-derived products (Octanate, Fandhi, Haemoctin SDH, Haemeate HS, and Beriate P) had no effect on platelet fibrinogen binding. The direct assay using fibrinogen conjugated with FITC in a 1: 6 ratio has been well established in the study group [23, 28] . The high coupling rate provides suitable fluorescence signals even in the presence of plasma. The same three plasma-derived FVIII concentrates that enhanced fibrinogen binding (Immunate STIM plus, Wilate, and Faktor VIII SDH Intersero) also augmented ADP plus U46619(thromboxane analogue)-induced platelet CD62P (P-selectin) expression. Again, the three recombinant FVIII products and the five other tested plasma-derived products had no significant effect that could be measured by flow cytometry. The divergence between the findings in CD62P expression and CXCL4 expression that was induced by all of the eight tested plasma-derived FVIII products, even in the absence of ADP, might result from differences in the sensitivity of the methods used (flow cytometry vs. ELISA). The platelet-activating activity of the products might rely on impurities such as alpha-defensin that we found in several plasma-derived FVIII concentrates previously [21] . As reported earlier, alpha-defensin acts as a potent platelet agonist, inducing platelet fibrinogen binding and degranulation [20] . Importantly, supernatant of platelets treated with plasma-derived FVIII products significantly downregulated CD163 on the surface of human macrophages. Therefore, the CD163 expression was comparable with that of macrophages treated with 1 µmol/l recombinant CXCL4 (≈29 µg/ml) or supernatant from ADP plus U46619-treated platelets. Although some plasma-derived FVIII concentrates contain up to 0.85 ng/ IU of CXCL4 [20] , we were not able to detect a direct effect of these products on macrophage CD163 expression. Importantly, similar to the macrophages grown in the presence of 1 µmol/l CXCL4, the macrophages that were grown in the presence of supernatant from plasma-derived FVIII treated platelets were unable to increase HO-1 expression after incubation with hemoglobin.
When joint bleeds occur in hemophilic patients, erythrocytes are lysed, releasing hemoglobin. Simultaneously, platelets arrive in the joint space. The proinflammatory effects of hemoglobin/iron are of central importance for the pathophysiology of joint destruction in hemophilia. For example, iron induces the expression of the 2 proto-oncogenes, c-MYC and MDM-2, causing synovial proliferation and inhibition of apoptosis [6] [7] [8] . Furthermore, iron deposits in synovial tissue are associated with increased synthesis of proinflammatory cytokines that enhance the catabolic activity of cartilage chondrocytes resulting in cartilage damage [4] . Iron-catalyzed generation of hydroxyl radicals results in apoptosis of joint cells [29] . Recently, Nieuwenhuizen et al. [30] reported that the iron-chelating agent deferasirox significantly reduced cartilage damage in hemophilic mice, demonstrating the central role of iron in joint disease. Our in vitro data suggest that patients who receive plasma-derived FVIII products might have a disadvantage in the handling of rising oxidative stress. Platelets in combination with these concentrates might result in high local CXCL4 levels in the affected joints. The outcome of this might be CD163-negative M4-macrophages that have an impaired ability to bind and ingest hemoglobin-haptoglobin complexes and fail to upregulate the joint-protective enzyme HO-1 in response to free hemoglobin. This scenario might explain why some patients with severe hemo- Fig. 5 . Supernatant of platelets treated with plasma-derived factor VIII products promote the formation of macrophages that are unable to upregulate HO-1 in response to hemoglobin. Human monocytes were cultured to macrophages in the presence of M-CSF for 3 days then for 3 days with M-CSF ±CXCL4 or supernatant from untreated platelets or platelets treated with different factor VIII products or with ADP plus U46619, as indicated. Cells were then incubated with autologous hemoglobin for 18 h, harvested, permeabilized and stained with anti-HO-1-PE prior to analysis by flow cytometry. Data show mean ± standard deviation (SD) from 3 independent experiments. ***p < 0.005; **p < 0.01; *p < 0.05. ADP = adenosine diphosphate; HO-1 = heme oxygenase 1; M-CSF = macrophage colony-stimulating factor; n.s. = not significant; PE = phycoerythrin; PF4 = platelet factor 4 (CXCL4).
philia develop arthropathy in spite of early prophylaxis [2] . Although FVIII concentrates are highly diluted upon administration, sufficient levels are evidently achieved in the vicinity of platelets to induce clotting. The local concentrations of active compounds that actually occur in the synovial fluid can ethically not be determined in patients, but these will conceivably be higher the larger the wound and the higher the amount of concentrate administered. It is therefore feasible that the effects observed here in vitro will also be of relevance in the clinical setting. Whether the reported in vitro effect also occurs in vivo must be the matter of further investigation.
